ABSTRACT An examination is made of the hypothesis that endogenous 5-hydroxytryptamine (5-HT) serves as a local hormone regulating ciliary activity in the lamellibranch gill. These cilia are sensitive to exogenous 5-HT and respond to it by a prompt, sustained, and reversible rise in beat frequency; at the same time the carbohydrate metabolism is stimulated, as described elsewhere. Control gill contains small but definite amounts of endogenous 5-HT according to bioassay, fluorometry, and chromatography. The amount can be increased markedly by exposing the isolated gill to the precursor substance 5-hydroxytryptophan but not /-tryptophan. As the tissue level of 5-HT rises, the spontaneous beat frequency also rises. Both remain elevated for hours and perhaps for days. The gill of Mytilus edulis is richer than the gill of Modiolus demissus in both endogenous 5-HT and effective 5-hydroxytryptophan decarboxylase activity. Modiolus gill lacks the 5-hydroxyindole oxidase by which Mytilus gill destroys 5-HT. What if any mechanism exists in Modiolus for degrading 5-HT is not known, but monoamine oxidase is not present. The 5-HT content of Mytilus and Modiolus gill cannot be modified by treatment with
grading 5-HT is not known, but monoamine oxidase is not present. The 5-HT content of Mytilus and Modiolus gill cannot be modified by treatment with reserpine or a-methyl-dopa. Which cells of the gill synthesize and destroy 5-HT has not been established, but these observations support the concept that the physiological activity of lamellibranch gill cilia is controlled by a serotonergic mechanism.
I N T R O D U C T I O N
Interest has arisen recently in chemical aspects of a u t o r h y t h m i c i t y in contractile tissues. B u r n (1) and others have proposed t h a t the genesis and m a i ntenance of spontaneous r h y t h m s can be ascribed to the presence of a pacem a k e r substance or substances. These so called "local hormones'" are assumed to be utilized in the same tissue t h a t elaborates and destroys them. According to this hypothesis the tissue concentration of the free or active h o r m o n e at any time determines the level of " s p o n t a n e o u s " activity. A l t h o u g h it is not clear exactly w h a t operational criteria would have to be satisfied to establish this
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Biilbring and Burn (2) proposed that acetylcholine is the pacemaker substance of the cardiac atria, and Kordik et al. (3) and Btilbring et al. (4) furnished evidence to support the thesis that the tissue level of acetylcholine determines the intensity of ciliary activity in the molluscan gill, frog palate, and mammalian trachea. If there are no nervous elements in the lamellibranch gill (5, 6) , non-neural cells may contain the choline acetylase and cholinesterase by which acetylcholine is synthesized and degraded in this tissue. A correspondence between the intensity of ciliary motion and the tissue concentration of endogenous acetylcholine was not established. A cholinergic mechanism was proposed, however, because both exogenous acetylcholine and eserine excited ciliary movement, while d-tubocurarine and atropine depressed it (3, 4) . Because the alleged inhibitory effects of curare and atropine have been denied by others (e.g., reference 7; Gosselin, data to be published), the existence of a cholinergic control mechanism in ciliated epithelium is not fully established.
As noted before (8, 9), 5-hydroxytryptamine (5-HT, serotonin) is probably a better candidate than acetylcholine for the pacemaker substance of lamellibranch gill cilia. Exogenous 5-HT produces prompt, sustained, and reversible stimulation of ciliary beat frequency, and the magnitude of the response is graded over a wide range of 5-HT concentrations. At least three of the four different kinds of cilia present on the lamellibranch gill are excited by 5-HT (9, 10) . For the lateral cilia of Mytilus gill the threshold concentration is sometimes as low as 5 X 10 -1° M. In the present report it is established that the lamellibranch gill contains significant amounts of endogenous 5-HT, as well as the enzymes necessary for its production and destruction. Furthermore there is at least an approximate parallelism between the amount of 5-HT contained in the gill and the intensity of ciliary activity. These studies add further support to the thesis that 5-hydroxytryptamine plays an important role as a regulatory hormone in various molluscan tissues (11).
M E T H O D S A N D M A T E R I A L S
Sources of supply and methods of storing Mytilus edulis and Modiolus demissus have been described before (9) . As tissue was required, mussels were opened and the entire gill was excised and immersed in artificial sea water of the following composition: NaCI 423 raM, KC1 9 mM, CaC12 9.27 mM, MgC12 22.9 raM, MgSO4 25.5 mM, N a H C O 3 2.15 raM, final pH 7.75 to 7.85 (Marine Biological Laboratory formula No. 4). The excised tissue promptly secreted copious amounts of mucus, which was allowed to accumulate for 20 to 30 minutes and then removed. 5-HT was identified in the gills by fluorometric, chromatographic, and bioassay methods. Either of two parameters served as the basis for expressing the tissue con-centration. The more frequent but less reliable basis was the unit wet weight of gill. For this purpose tissue samples were blotted dry with filter or other absorbent paper. In other cases gill protein was determined by a modification of the biuret method of Gornall et al. (12) and was expressed as crystalline bovine albumin equivalent.
For the fluorescence analyses 1 to 2 gm of gill were homogenized in 4 ml 0.1 N HC1 and extracted as described by Bogdanski et al. (13) to form a "processed" gill extract. A standard 5-HT solution of known concentration was always processed at the same time and in the same way. The fluorescence of the final acid extract was measured in the Aminco-Bowman spectrophotofluorometer utilizing an activation wave length of 295 mt~ and a fluorescent wave length of 550 m/~. A second order scatter peak, which was especially prominent with Modiolus gill extracts, seriously interfered with the fluorescence analysis. It was found that it could be eliminated by inserting a Wratten filter (1 A) in the fluorescent light path to absorb wave lengths below 380 m#.
For chromatographic analysis gill homogenates were processed as described above, and extracts were spotted on Whatman No. 1 paper. Tested at the same time were both processed and unprocessed solutions of authentic 5-HT and other indole amines in HC1. One dimensional chromatograms were run at 20-24°C with a solvent consisting of 3 parts of acetic acid (31 per cent in water) and 4 parts of n-butyl alcohol (14) . Paper strips were developed by spraying with Ehrlich's reagent prepared according to the recommendations of Maynard and Welsh (I 5). Unprocessed standards usually yielded the following Rj values: 5-HT 0.45, 5-HTP 0.26, bufotenine 0.54. Processed extracts sometimes moved a little slower. Perhaps because of the salt content of the final extract, all Ehrlich-developed chromatograms prepared from extracts of either Mytilus gill or reputedly pure 5-HT creatinine sulfate displayed a small crescent-shaped blue or blue-gray area at R/0.14 to 0.22, in addition to the blue spot at R s 0.45. It was not established whether the slower component represented the decomposition of 5-HT incidental to the extraction process or native 5-HT which had become splayed as a result of overloading the paper with electrolytes and other solutes. As performed here, the effective limit of sensitivity of the chromatographic analysis was only about 0.3 #g 5-HT. In ultraviolet light 5-HTP on paper regularly exhibited a characteristic pink fluorescence; its useful sensitivity was not determined.
The analysis of 5-HT by bioassay utilized a strip of isolated rat fundus as described by Vane (16) . The strip of smooth muscle was mounted in a 10 ml organ bath containing a Tyrode solution of the following composition: NaCl 128 mM, KCI 5.6 mM, CaC12 2.16 mM, glucose 5.55 mM, NaHCO3 22.6 raM, to which 2.3 X 10 -~ M scopolamine hydrobromide was added. The Tyrode solution was equilibrated with 5 per cent CO2 and 95 per cent O3 to maintain the p H at 7.3-7.4. The temperature was 37°C. The tissue was stretched by maintaining it under a tension of 1 gm for approximately 1 hour before the assay; when the actual assay began, the weight was reduced to 0.8 gin. Contractions were recorded with a frontal lever on the smoked surface of a kymograph drum; the magnification of the lever was tenfold. Known standards and unknown extracts were added to the bath in volumes of 0.1 to 1.0 ml and allowed to react for 90 seconds. The solution was then removed, and the bath was flushed three times with fresh Tyrode solution. After a recovery period of 4 minutes the bath was again flushed once with Tyrode solution, and the next extract was then added. Under these circumstances the preparation maintained a sensitivity of less than 0.5 nanogram 5-HT.
For bioassay gill extracts were prepared by homogenizing 1 gm of gill in 4 ml 0.1 N HC1. After 30 minutes at room temperature, the homogenate was centrifuged at 10,000 g for 10 minutes. The resulting supernatant was neutralized to pH 7.3-7.4 and diluted with Tyrode's solution so that 0.5 to 1.0 ml of the dilution was equivalent in its activity to 2 nanograms 5-HT. To test the specificity of the gill extract, contractions elicited by it and by authentic 5-HT were compared after application of the blocking drug brom-LSD. In these experiments brom-LSD was maintained in the organ bath at a concentration of 1.1 X 10 -8 M for 30 to 40 minutes and then removed. The muscle was then washed three times, and the extracts and standards were tested as before.
For several metabolic studies gill homogenates were dialyzed against cold phosphate buffer at pH 7.4 according to the method of Blaschko and Milton (17) . The anaerobic decarboxylation of 5-HTP was studied at 30°C after the addition of pyridoxal phosphate (18) . The consumption of oxygen by these homogenates was measured manometrically in the presence of various substrates and inhibitors in pure oxygen at 25°C.
In studying ciliary beat frequency, the excised gill was teased until fragments of single lamellae were isolated. To make it possible to keep under observation the lateral cilia of a few selected target areas, the gill fragments were mounted as described previously (9) and superfused intermittently with artificial sea water. In some experiments a series of average responses was established by measuring at intervals the beat frequency of cilia in twenty or more unspecified regions randomly distributed across the entire preparation. For this purpose gill plates were submerged but not anchored in a few milliliters of sea water contained in open shallow glass vessels with flat bottoms. In all instances observations were restricted to the lateral cilia. Their beat frequency was determined by illuminating the microscopic field with a stroboscopic lamp of continuously variable frequency, so that the frequency could be adjusted until the metachronal waves were "arrested" (9) . Frequencies are stated here in cycles per second (cPs).
Unless otherwise specified, excised gill was incubated only in well aerated sea water at 20-21°C. When drugs were added, the pH of the sea water was readjusted to pH 7.8 if necessary. All standard 5-HT solutions were prepared from the creatinine sulfate salt, but concentrations are specified in terms of the free base. The following drug abbreviations have been employed throughout: 5-HT for 5-hydroxytryptamine (ereatinine sulfate), 5-HTP for 5-hydroxytryptophan, LSD for lysergic acid diethylamide, brom-LSD for 2-brom-d-lysergie acid diethylamide bitartrate, a-methyl-dopa for a-methyl-dihydroxyphenylalanine.
R E S U L T S In t w e n t y specimens of Mytilus collected in late spring, summer, a n d early fall and stored at 4°C in the l a b o r a t o r y for periods as long as 1 week, the m e a n tissue concentration of 5 -H T according to photofluorometric analysis was 1.45 #g per gm wet weight of freshly excised gill (standard error 0.17). Both processed and unprocessed acid extracts of Mytilus gill contained a substance t h a t reacted with Ehrlich's reagent and traveled on p a p e r in a butanol-acetic 
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the fluorescence spectrum elicited by 295 m# (the activation m a x i m u m for 5-HT). As illustrated in Fig. 1 , on the descending limb of this unidentified peak a small shoulder at 550 m# was usually seen. It was probably due to 5-HT, but the amount could not be estimated because the peak height was effectively masked by the unknown fluorescent substance. Since these Modiolus gill extracts did not contain anything that quenched the fluorescence of added 5-HT standards, photofluorometry appears to set an upper limit to the 5-HT concentration possibly present in this tissue; by this criterion the content was judged to be less than 0.3 #g/gm.
The rat fundus preparation of Vane (16) responded to control Modiolus gill extracts by developing tension even in the presence of full doses of scopolamine (2 X 10 -7 M). In eleven preparations the 5-HT concentration equivalent to these contractions averaged 0.74/~g/gm wet weight of gill (standard error 0.07). However, 10 -e M brom-LSD usually inhibited gill-induced contractions to a lesser degree than contractions elicited by authentic 5-HT. It is evident therefore that the bioassay data reflect the presence of some physiological constituent in addition to 5-HT.
Effect of 5-HTP on 5-HT Content of Gills
Since several organs and tissues of lamellibranch molluscs are rich in 5-HT (19, 90) , its presence in gill is not surprising. The possibility that this 5-HT is simply sequestered in the gill after its synthesis elsewhere can be largely disproved by demonstrating that the gill itself possesses 5-hydroxytryptophan decarboxylase activity. were not only lower but also less reliable because to calculate them it was necessary to subtract from the fluorescence spectrum of incubated gills the fluorescence of control gills not exposed to 5-HTP (Fig. 1) . After incubation in 5-HTP, gill plates were rinsed and held in aerated sea water. Under these circumstances they generally retained their extra 5-HT for periods at least as long as 8 hours. Indeed, as seen in Fig. 2 , the concentration of extractable 5-HT usually rose even after the exposure to exogenous 5-HTP had been terminated. Modiolus analyses were probably too unreliable to prove the validity of this postexposure rise, but the delayed increments noted in Mytilus are believed to have been significant. They must mean that 5-HTP was sequestered in the gill and only slowly converted to 5-HT. This observation raises questions about the validity of these 5-HT analyses because 5-HTP has an identical fluorescence spectrum. However, the standard method of processing gill homogenates, when applied to 1 or even 2 ml of sea water containing 5-HTP (10 .4 M) was shown to eliminate this substance completely. Therefore it is most unlikely that 5-HTP was a detectable contaminant in the processed gill extracts. Furthermore it is difficult to conceive of any mechanism whereby the tissue concentration of 5-HTP could have continued to rise after removing the substance from the bathing fluid. The possibility of confusion between 5-HT and 5-HTP does not exist when 5-HT is demonstrated by bioassay, since 5-HTP proved to be essentially inactive on the rat fundus. For example, prepared mixtures containing 1,000-fold more 5-HTP than 5-HT produced contractions that were identical with those elicited by the 5-HT alone. In agreement with the fluorometric data, bioassay revealed that some substance or substances like 5-HT accumulated in the Modiolus gill during a 1 hour incubation in 5-HTP (Fig. 3) . In Fig. 3 the increment in activity is expressed as a percentage of the preexposure level, although it was not 5-HT but some unknown gill constituent that was largely responsible for the pretreatment activity. Paper chromatography revealed genuine 5-HT in these Modiolus gills after they were incubated with the precursor substance 5-HTP but not before. Whether the rise in smooth muscle stimulating activity attending these incubations (Fig. 3) was due exclusively to the accumulation of 5-HT has not been fully established, but no other
indole amines could be demonstrated by chromatography. Furthermore, in terms of 5-HT equivalents, the average increment detected by bioassay was almost equal to that determined by fluorometric analysis (Fig. 2 ).
The consistent difference between Mytilus and Modiolus gills in terms of the effective 5-hydroxytryptophan decarboxylase activity may reflect no more than the lesser permeability of Modiolus gill epithelium to 5-HTP. At least in a single study, homogenates prepared from gills of the two species decar- Even with intact gill plates, the difference between the two species was distinctly less when exposures to 5 -H T P were continued for periods longer than 1 hour. For example, during 3 hour incubations in 10 -4 M 5-HTP, excised Modiolus gill synthesized 5 -H T in amounts of 0.8, 0.8, 1.9, and 2.0 # g / g m in four independent trials (cf. Fig. 2 ), while Mytilus produced 1.4 and 2.2 #g/gin under similar circumstances (fluorometric analyses).
Ciliary Motion and Tissue Levels of Endogenous 5-HT
The cilioacceleratory action of exogenous 5 -H T has already been demonstrated on various lamellibranch gill cilia (9, 10) . It is now apparent that these same cilia are also sensitive to variations in the tissue concentration of endogenous serotonin.
In Fig. 4 the cilioexcitatory actions of 5-HT and 5-HTP are compared in terms of the beat frequency of lateral cilia. By the technique of intermittent perfusion (9), excised and mounted filaments of Mytilus gill were incubated in sea water at 20 °C while the lateral cilia of carefully selected target areas were kept under constant surveillance. The beat frequency rose when either 5-HT or 5-HTP was added. As tested here (Fig. 4) with a molar concentration of 5-HTP ninety times that of 5-HT, the increments in beat frequency and latencies of response were almost the same, but the 5-HT effect was readily reversed when the exposure was terminated by intermittent superfusion with plain sea water. In contrast the reaction to 5-HTP persisted for more than 22 hours. In Fig. 5 these two indole amines were tested at equimolar concentrations (2.5 X 10 -~ M). Under these circumstances another difference became manifest, namely that the 5-HTP response developed only gradually as compared with the prompt reaction to 5-HT. The latency and persistency of the 5-HTP effect presumably signify that the cilioacceleration was due actually to 5-HT synthesized in the tissue from the added precursor substance. The lateral cilia of Modiolus gill also became more active in the presence of 5-HTP. The responses of six specimens of summer Modiolus to ascending concentrations of 5-HTP are summarized in Table I . The duration of exposure to each concentration is stated only approximately because of minor variations in protocol among these experiments. Each recorded value of beat fre-
II. quency represents the real or quasi-plateau that was reached at each concentration within the specified time. There is no assurance, however, that true steady states were attained or that longer exposures to low concentrations might not have produced maximal responses.
The data in Table I concentrations as low as 2.5 X 10-" M (Fig. 5) . That this was not due to a seasonal difference became apparent in comparing summer Modiolus, which failed to respond maximally to'10 -4 la 5-HTP, with summer Mytilus, in which one-tenth of this concentration was adequate to raise the lateral beat frequency from 7 to a maximal level of 25 cPs within the same interval of time.
Similarly, twelve specimens of winter Modiolus accelerated their lateral cilia only 5.5 cPs (range 0.5 to 11.4) during the first 15 minutes of an exposure to 2.3 X 10 .4 ~, in contrast to the essentially maximal response of winter Mytilus under the same circumstances (Fig. 4) . Presumably this difference in sensitivity to 5-HTP is a reflection of the difference that was observed in the effective 5-HTP decarboxylase activity (Fig. 2) . Even if the enzyme activities were equal, Modiolus cilia might be expected to be less sensitive than Mytilus cilia to endogenous 5-HT, as they are less responsive to the exogenous amine To explore the possibility that the tryptophan hydroxylating enzyme might be present in some tissue other than gill, two specimens of Mytilus edulis were treated in vivo by incubating the entire mussel at 20-21 °C in aerated sea water containing 10-4 M/-tryptophan; appropriate controls were kept in plain sea water. Because the anterior and posterior adductor muscles were cut just before the incubation, it was possible to biopsy gill tissue at any time and to mount the samples for microscopic examination. No differences between control and tryptophan-treated gill filaments were apparent in specimens biopsied either 2 or 6 hours after the beginning of incubation. At 24 hours, however, gills from tryptophan-treated Mytilus showed morphological damage in terms of swollen and exfoliated cells, and the beat frequency of lateral cilia was somewhat lower than in control preparations. By 48 hours Mytilus kept in tryptophan showed extensive damage, while sea water controls retained their structural integrity. Similarly, specimens of Mytilus and Modiolus were injected in the visceral mass between the anterior byssus retractor muscles with 0.5 to 1.0 ml sea water with and without/-tryptophan (5 mg). When biopsied at intervals over a period of 24 to 48 hours, no consistent difference
in lateral ciliary activity was seen between control and tryptophan-treated mussels.
From these physiological and biochemical observations it is apparent that ciliary activity can be stimulated by 5-HTP but not by l-tryptophan, presumably because the latter unlike the former does not lead to a significant increase in the concentration of 5-HT in gill tissue. Perhaps none of the tissues in these mussels possesses tryptophan hydroxylating activity, but it is equally possible that none of the methods used here for administering tryptophan was adequate.
Actions of a Decarboxylase Inhibitor and of Reserpine
To establish more fully a correlation between endogenous 5-HT and spontaneous ciliary activity, attempts were made to reduce the concentration of 5-HT in the lamellibranch gill. Because the normal biosynthesis of 5-HT in molluscs as in mammals probably involves the decarboxylation of 5-HTP, any intense and persistent inhibition of 5-HTP decarboxylase activity is expected to reduce tissue levels of 5-HT. The most widely studied inhibitor of this enzyme in mammalian tissue is a-methyl-dopa (21) . Pretreatment of Mytilus gill with a-methyl-dopa (10 -~ M) in sea water for a 2 hour period failed to inhibit the rise in the tissue level of 5-HT due to the addition of exogenous 5-HTP during the 2nd hour. Given a-methyl-dopa alone (10 -4 ~), no fall in gill 5-HT was noted, although this substance is known to release this amine from mammalian brain (22) . Because a-methyl-dopa proved to be rather unstable in sea water with respect to autooxidation, further analysis of this problem has been deferred.
Because reserpine is effective in depleting various mammalian tissues of 5-HT, it was tested against isolated molluscan gills in three trials. The intensity of ciliary activity was characterized by the average beat frequency measured in randomly selected areas of control and reserpine-exposed portions of the same gill. Preparations incubated at 21 °C in sea water with and without reserpine did not differ significantly from one another after 1 or 20 hours of incubation. Because of the limited solubility of reserpine in chloride solutions, the true concentration of the alkaloid in sea water during these incubations is not known. To insure the exposure of gill to a known concentration of reserpine, freshly excised tissue was rinsed in isotonic glucose (0.81 ~) and then incubated in isotonic glucose with and without reserpine phosphate (pH adjusted to 7.8 with NaOH). Structural damage to the gill was evident within 2 hours in a reserpine concentration of 50 #g/ml, but 10/~g/ml was tolerated well. After 18 hours the concentration of extractable 5-HT according to fluorometry was essentially the same whether Mytilus gill was incubated in glucose with reserpine or in glucose alone (Table II) . The fluorescence characteristics of Modiolus gill were also unchanged.
In electrolyte-free media cilia gradually ceased to move, but in isotonic glucose their morphology was well preserved, and they could be reactivated by reincubation in sea water. After 18 hours in glucose, reserpine-treated and control portions of gill were restored to plain sea water, and at various times thereafter the activity of lateral cilia was appraised in terms of the average beat frequency (randomly selected areas). As seen in Table II , reserpinized Mytilus gill cilia beat more slowly than controls after 3 hours in sea water, but the difference was not apparent after 5 hours. With Modiolus gill no significant difference was detected (Table II) , and this was confirmed in another series of incubations (1, 3, 6 , and 24 hours) in isotonic glucose with and without reserpine phosphate (5 #g/ml). Reserpinized and controlled gills of both Mytilus and Modiolus responded equally to the cilioexcitatory influence of 5-HT (Table II) .
Metabolic Destruction of 5-HT
The lamellibranch gill possesses not only enzymes for the biosynthesis of 5-HT but also mechanisms for degrading it. As implied by Figs. 2 and 3 , the excised gill incubated in sea water gradually lost endogenous 5-HT. Generally the process was slow; 3 days elapsed before the Modiolus gill of Fig. 3 lost all of the 5-HT it generated from 5-HTP. Because attempts by bioassay to detect an active substance in the incubation fluid were unsuccessful, we infer that the observed decline in gill 5-HT reflected its metabolic destruction and not its secretion or excretion.
An enzyme capable of oxidizing 5-hydroxyindole amines has already been described by one of us in the gill of Mytilus edulis (17) . Although Mytilus byssus retractor muscle and digestive gland possess monoamine oxidase activity, t h e enzyme of gill homogenates appeared to be a type of phenolase and did not attack the amino group. In contrast to amine oxidase it was sensitive to inhibition by cyanide but not by iproniazid. These observations have been The present findings support the hypothesis that endogenous 5-hydroxytryptamine (5-HT) serves as a local hormone regulating ciliary activity in the lamellibranch gill. A similar proposal has been made by Aiello (23) . This thesis is in accord with other studies which implicate 5-HT as a neurohormone in the nervous system of bivalve molluscs (11, 20) and as a chemical regulator of their cardiac mechanisms (24) . Perhaps 5-HT also plays a physiological role in the nervous system of annelids (20) . Evidence for and against physiological regulatory functions of 5-HT in the vertebrate nervous system, gastrointestinal tract, and other organ systems has been summarized by Page (25) .
The concentrations of 5-HT reported here in Mytilus gill are much lower than values noted by others in the ganglia of Mytilus and of other Pelecypoda (20) . Comparably low values in the Venus mantle have been ascribed to nerves contained therein (19) . A careful histological study of Mytilus gill, however, revealed only a few neural elements, and these were limited to the proximal portions of each filament (5, 6) . The alleged absence of nerves led Burn and collaborators (1, 4) to suppose that acetylcholine and the enzymes for its production and destruction are contained in non-neural cells of the gill. On the other hand the physiological observations of Galtsoff (26) and of Aiello (23) are difficult if not impossible to explain except in terms of a neural mechanism by which the activity of lamellibranch gill cilia, including cilia at the distal gill margin, can be influenced.
Information now available does not establish or even suggest which cells of the lamellibranch gill contain the extractable 5-HT and the enzymes re-quired for its synthesis and degradation. If these substances are restricted to intrinsic nerves, then 5-HT may serve as a neurohormone or transmitter substance in this tissue. If non-neural cells are the site of 5-HT synthesis and release, it is more appropriate to regard 5-HT as a local hormone. In either case the target organ is presumably the ciliated epithelium, over which the 5-HT exerts a regulatory influence. Perhaps the ciliated cells themselves are the source of this indole amine, particularly since most ceils in the gill possess cilia. If so, 5-HT may be indispensable for the spontaneous activity of these cilia. Otherwise 5-HT would appear to serve merely to modulate the intensity of a rhythm that is generated by the ciliated cells themselves. Either possibility is in accord with the observation that single ciliated cells isolated from all other elements of the gill maintain spontaneous ciliary activity and respond to the presence of exogenous 5-HT by an increase in beat frequency
(9).
The current results indicate that the cilioexcitatory action of 5-hydroxytryptophan (5-HTP) is an indirect one. The latency and gradual onset of the response suggest that it is due to 5-HT generated metabolically from 5-HTP serving as the precursor substance. The existence of 5-HTP decarboxylase activity has been noted before in homogenates of molluscan nerves and ganglia (27) ; it was thought to be restricted to nervous tissue. In Mytilus and Modiolus gill the content of 5-HT continues to rise for several hours after the exposure to exogenous 5-HTP is terminated, presumably because the gill epithelium takes up and temporarily stores 5-HTP while the decarboxylase reaction continues. Even when the level of extractable 5-HT begins to fall, which is sometimes more than 20 hours after incubation in 5-HTP, the lateral cilia continue to beat at frequencies well above preexposure controls. The persistency of the excitatory state after 5-HTP contrasts with the prompt reversibility of the cilioacceleration produced by exogenous 5-HT. The latter effect disappears as soon as the extracellular amine is washed away. One infers that 5-HT formed from 5-HTP is bound in a way that exogenous 5-HT is not. Whether it is pharmacologically active in this bound or sequestered state is not apparent since the concentration of free or active drug may rise in parallel with the total content. M a n y problems in pharmacology continue to be plagued by this dilemma. Until it is possible to demonstrate that a hormone is present in tissues in both bound and free forms and to measure the concentration of each, no solution to this problem is in sight.
Other attempts were made to manipulate the concentration of 5-HT in the gill in order to learn whether parallel changes in ciliary activity resulted. As employed here, the potential precursor substance /-tryptophan did not lead to the formation of 5-HT in Mytilus gill and did not influence the beat frequency of lateral cilia. Reserpine phosphate and a-methyl-dopa, which in mammals release tissue 5-HT and inhibit 5-HTP decarboxylase respec-
tively, failed to modify the 5-HT content of Mytilus gill. Except for transient slowing in one instance, reserpine also did not alter the ciliary activity of either Mytilus or Modiolus gill (Table II) . Whatever the mechanism for the enzymatic destruction of endogenous 5-HT in this tissue, monoamine oxidase does not appear to be involved. Mytilus gill homogenates possess a 5-hydroxyindole oxidase that attacks the phenolic hydroxyl but not the amine group of 5-HT (17) . In contrast to monoamine oxidase it is inhibited by cyanide but not by iproniazid. No specific inhibitors of this oxidase are recognized. Furthermore, at present no way is known to accelerate the physiological mechanisms for disposing of 5-HT in lamellibranch gills. If attempts to manipulate tissue levels of 5-HT have been largely unsuccessful, so have efforts to exploit serotonin-blocking drugs. Whereas it was shown (8) that such well known 5-HT antagonists as lysergic acid diethylamide (LSD), brom-LSD, tryptamine, and dihydroergotamine are able to inhibit stimulation of gill cilia by added 5°HT, these same substances when given alone proved to be potent cilioaccelerators. With LSD and brom-LSD, stimulation of Modiolus lateral cilia occurred at lower concentrations than those required to block the cilioexcitatory actions of exogenous 5-HT. LSD was more potent than brom-LSD as a stimulating and blocking agent. T h a t receptor blocking drugs may excite the receptor mechanism and so mimic the action of the agonist is a well established pharmacological principle. Unfortunately such a phenomenon neither supports nor contradicts the current hypothesis that 5-HT is a cilioregulatory hormone in the lamellibranch gill.
Although the results reported here have led to the proposal that a serotonergic control mechanism exists in both Mytilus edulis and Modiolus demissus, there are important differences in 5-HT metabolism between the two species.
Control Mytilus gill contains 5-HT in unequivocally demonstrable quantities, while the amounts in Modiolus are just barely detectable by photofluorometry.
As tested on excised but essentially intact gills, the 5-HTP decarboxylase activity is distinctly higher in Mytilus than in Modiolus, but this distinction may not be true of homogenates. Although control Modiolus gill contains in addition to 5-HT some smooth muscle stimulating substance that is not 5-HT and probably not an indole amine, 5-HT alone seems to be responsible for the rise in extractable inotropic activity during exposure of the gill to 5-HTP (cf. Figs. 2 and 3 ). Although Mytilus gill contains a well defined 5-indole oxidase by which endogenous 5-HT is destroyed, this enzyme cannot be demonstrated in homogenates of Modiolus gill. The present data indicate only that Modiolus possesses some as yet undefined mechanism for disposing of 5-HT but that this mechanism usually operates very slowly (Fig. 3) . Finally, Modiolus lateral and frontal cilia are less sensitive to the cilioexcitatory effects of exogenous 5-HT than are the corresponding cilia of Mytilus gill (9, 10).
These distinctions between the two species are real and not due to sampling errors that might arise from seasonal fluctuations in the properties of the gill. Seasonal variations, however, do exist. For example, in comparing the lateral cilia of winter and summer Mytilus, summer specimens were found to be more susceptible to stimulation by 5-HT, but the sensitivity of Modiolus gill cilia remained unchanged (9) . For the several parameters described in this report, no seasonal cycles could be established, probably because the interindividual variations were so large. The inconstant period of laboratory storage may have been responsible for obscuring seasonal changes. The possibility that ciliary motion is related to and dependent upon acetylcholine can be supported by similar experiments and by similar inferences (3, 4) , but for various reasons 5-HT appears to be a more acceptable candidate for the status of a cilioregulatory hormone in the lamellibranch gill. In this laboratory (Gosselin, unpublished data) exogenous acetylcholine proved to exert only a relatively weak influence on the beat frequency of lateral cilia, and the resulting acceleration was poorly sustained in the presence of all tested concentrations of this substance. In contrast 5-HT always causes prompt, sustained, and reversible cilioacceleration of considerable magnitude (9) . This response is accompanied by a distinct increase in the rate of oxygen consumption of the isolated gill and by an accelerated rate of glycogen breakdown (28) . In the absence of oxygen the rate of anaerobic glycolysis is similarly elevated by the presence of 5-HT (29) . In contrast eserine has no effect, and acetylcholine (10 -5 and 10 -4 M), either with or without eserine, significantly reduces the rates of oxygen consumption and of anaerobic glycolysis in isolated Modiolus gill (28, 29) .
Although the physiological data presented here refer only to the lateral cilia, at least three of the four recognized types of cilia on the lamellibranch gill are stimulated by exogenous 5-HT and presumably share a common endogenous control mechanism. Because the cilia of Mytilus edulis, of Modiolus demissus, a n d of at least one species of fresh water mussel (Anodonta sp.) react similarly to 5-HT, this conclusion can probably be generalized to include all lamellibranch molluscs. Perhaps it is true of all molluscan cilia since Koshtoyants et al. (30) report a similar effect on the embryos of marine gastropods. On the other hand a serotonergic mechanism cannot be postulated in ciliated epithelia of frogs and probably not of mammals, because these cilia are not generally excited by the exogenous amine (9) . Also unresponsive are the peristomal cilia of Stentor polymorphus (Gosselin, unpublished observation) and the cilia of the isolated chicken trachea (31) . According to Krueger and Smith (32) , tracheal cilia of the rat, mouse, guinea pig, and rabbit are inhibited by 5-HT and by drugs which increase the concentration of free endogenous amine in the tracheal mucous membrane. At the present time 5-HT can be regarded as a cilioexcitatory hormone only in Mollusca.
